The effects of electrolyte species and their combination during the two-step anodization of anodic oxide films formed in various ammonium salts solutions on aluminum in terms of the crystallinity and dielectric properties for use as an electrolytic capacitor were investigated. The aluminum substrates were pretreated by dipping in boiling water to form a hydrated layer. Anodic films were annealed at 500°C after the first anodization. The CV (capacitance C multiplied by withstand voltage V) of the films formed with a second anodization in ammonium borate was higher than that of the films formed using the same electrolyte for the first and second anodizations. The increase in CV due to the improved crystallinity when using borate for the second anodization and the following electrolytes for the first anodization increased in the order salicylate < succinate < tartrate < phosphate < citrate < adipate < borate. When phosphate or organic electrolytes were used in the second anodization, considerable spike noise was observed. However, the spike noise was significantly suppressed when borate was used in the second anodization.
Introduction
In recent years, it has become necessary to increase the capacity and lifetime of aluminum electrolytic capacitors for medium-and high-voltage applications owing to the increased use of large industrial inverters and hybrid vehicles. In general, crystalline alumina films are used as the dielectric films of medium-and high-voltage aluminum electrolytic capacitors. These films are formed by a two-step anodization process involving hydration of the aluminum substrate, followed by a first anodization, heat treatment and a second anodization. A high-concentration aqueous solution of borate is generally used as the electrolyte.
14) Although the thickness of the crystalline anodic film per unit voltage (the anodizing ratio) depends on the hydration and electrolysis conditions, the anodizing ratio is approximately 1 nm V ¹1 . 35) In other words, the film has a lower thickness per unit voltage and a higher withstand voltage than a noncrystalline film with a higher anodizing ratio (1.41.6 nm V ¹1 ). 6, 7) In addition, it has been reported that the dielectric properties of such a film, such as the capacitance and leakage current, are strongly affected by the anions incorporated into the film. 2, 4, 8, 9) However, the effects of the anion species and distribution on the dielectric properties of a crystalline alumina film have not been elucidated.
We previously examined the effects of electrolytic anion species on the dielectric properties of crystalline anodic alumina films formed by two-step anodization combined with heat treatment. 4, 10) When an anodic film was formed by twostep anodization employing the two electrolytes mainly used industrially, i.e., high-concentration boric acid/sodium borate and ammonium adipate, the incorporation of boron into the film was suppressed. In addition, the film exhibited higher capacitance than a film formed in only boric acid/sodium borate. 4) We also investigated the effects of various ammonium salts on the dielectric properties of crystalline anodic alumina films. When the same electrolyte was used in both the first and second anodizations, the crystallinity of the anodic films increased in the following order: adipate < succinate < tartrate < phosphate < citrate < borate. While the films formed in phosphate and citrate (whose crystallinity was high) exhibited a high capacity, their leakage currents also tended to be higher. Although the film formed using ammonium borate (hereinafter referred to as borate) through multistep anodization had a high capacity and the highest crystallinity, its leakage current was low compared with those of the films formed in the other electrolytes. Thus, the film formed in borate exhibited superior dielectric properties. 10) These results suggested that using borate improved the dielectric properties of the anodic film. Therefore, the aims of this study were to examine the effects of electrolyte combinations on film crystallinity and dielectric properties and to find strategies for improving the dielectric properties of films. In this study, we used various ammonium salts for the first anodization and the same salts or borate for the second anodization.
Experimental
An aluminum sheet (area 10 cm 2 ) with 99.99% purity was used as the specimen. As pretreatment, the specimen was dipped in 5 mass% aqueous solution of sodium hydroxide (at 65°C) for 20 s, then dipped in 30 vol% nitric acid (at room temperature) for 60 s. A hydrated oxide layer was formed on the aluminum by dipping in boiling pure water for 10 min. After that, constant-current anodization was performed at a constant current density of 0.5 mA cm ¹2 up to a predefined voltage at 85°C in the various electrolytes shown in Table 1 (ammonium tetraborate, ammonium phosphate, ammonium adipate, ammonium tartrate, ammonium citrate, ammonium succinate, ammonium salicylate) at a concentration of 0.01 mol dm
¹3
. When the formation voltage reached 300 V, constant-voltage anodization was performed for 45 min (first anodization). After the first anodization, heat treatment was performed for 5 min in air at 500°C, and then a second anodization was performed under the same electrolysis conditions as the first anodization in 0.01 mol dm ¹3 borate. As a reference, two-step anodization was also performed using the same electrolyte species for the first and second anodizations. Specimens were washed with ion-exchange water after each step.
The dielectric properties of the anodic films were evaluated on the basis of the capacitance, withstand voltage and leakage current. The capacitance of each anodic film was measured at a frequency of 120 Hz with an LCR meter (NF Corporation ZM2353), using a large-area platinum plate as the counter electrode, in a 150 g dm ¹3 ammonium adipate solution. The withstand voltage was measured by reanodizing the specimen at a very low current of 0.1 mA cm ¹2 in 1.6 mol dm ¹3 borate ¹0.008 mol dm ¹3 sodium tetraborate at 85°C. 4, 7) In the voltage-time (V-t) curve obtained during reanodization, the part with high linearity after the voltage jump (anodization time of 15 min) was extrapolated to the Y-axis, and the voltage at the intercept with the Y-axis was taken to be the withstand voltage. The withstand voltage has been suggested to be proportional to the film thickness if the oxide properties are constant. 7) Here, the relative difference in film thickness was evaluated by the difference in the withstand voltage.
7)
The leakage current was measured using the constant-voltage application method, where a voltage of 225 V (75% of the formation voltage) was applied in 0.5 mol dm ¹3 boric acid ¹0.05 mol dm ¹3 sodium tetraborate at 20°C. The current measured 15 min after applying a voltage of 225 V was taken to be the leakage current. The capacitance, withstand voltage and leakage current were each measured at least five times. Then, the average values were found, and the maximum and minimum measured values are indicated with error bars in the figures.
Field-emission scanning electron microscopy (FESEM; JEOL, JSM-6701F) was used to observe the film structure. The crystallinity was measured using thin-film X-ray diffraction (TFXRD; MAC Science, MXP-18AHF22) at an X-ray incidence angle of 0.3°. The depth profiles of constituent elements in the films were measured by glow discharge optical emission spectroscopy (GDOES; JobinYvon, JY5000RF).
Results and Discussion
3.1 Film structure observation using FESEM Figure 1 shows cross-sectional SEM images of specimens (a) after hydration by dipping aluminum in boiling water, and (b) after two-step anodization using 0.01 mol dm ¹3 borate for both the first and second anodizations. The surface structure of the specimen after the hydration treatment was composed of flaky hydrated oxide in the outer layer and compact oxide in the inner layer. After the second anodization, the film structure of the outer layer exhibited almost no change. On the other hand, the inner layer was observed to be granular oxide layer and was thicker than the inner layers observed after the first anodization. The structure of this film after the second anodization was similar to those of films formed in different electrolyte, and was also the same as those of films reported previously. 4, 5) The thicknesses of the flaky hydrated oxide layer and the granular oxide layer were both approximately 300 nm.
In the film formation process using aluminum specimens with a hydrated oxide layer, a crystalline oxide film is formed during the phase transition of the hydrated oxide to £-Al 2 O 3 Al substrate owing to the dehydration of the hydrated oxide under a high electric field. It is also known that the entire film crystallizes when the electrolyte temperature is 85°C or higher. 1) Among the films formed using various electrolytes for the first anodization and borate for the second anodization, the hydrated oxide layer grown on the film surface partially dissolved when phosphate was used for the first anodization. However, the structures of all the films were generally similar, and no major differences in film structure were evident under SEM observation.
Structural evaluation of films using reanodization
Figure 2(a) shows the V-t curves for the initial 15 s when reanodization was performed on the films formed using various ammonium salts at 0.01 mol dm ¹3 for the first anodization and borate at 0.01 mol dm ¹3 for the second anodization. This technique enables the semiquantitative evaluation of the minute defects present in the film via the delay in the increase of the V-t curve when reanodization is performed at a very low current of 0.1 mA cm ¹2 . 6, 7, 11) The growth of a barrier film proceeds owing to the growth of oxides at the film/solution interface caused by the migration of Al 3+ and the growth at the film/substrate interface due to the migration of O
2¹
. The growth rate of the latter is the same for all films during reanodization. With regard to the growth of the former film, on the other hand, if there are defects in the original oxide layer, the growing film fills these defects. Therefore, because differences appear in the V-t curve, the defect structure of the film can be evaluated.
In all the V-t curves obtained during reanodization, the voltage initially jumped to the 50150 V range, then inflected, gradually increased and increased again near approximately 220 V. After exceeding 300 V, the voltage became almost constant with a rate of increase of about 0.025 V s ¹1 . The time required until the voltage became almost constant near 300 V depended on the electrolyte species used for the first anodization and increased in the following order: borate < phosphate < tartrate < citrate < salicylate < succinate < adipate. The delay in the increase in voltage is due to the repair of defects present in the film, and thus it is conjectured that the delay is longer when there are more defects in the film. 6, 7, 11) However, the amount of defects in the case that the increase in voltage is delayed by 10 s corresponds to about 0.25% of the amount of defects in the film. 11) In the results of FESEM observation, it was difficult to confirm a difference in the crystalline oxide structure depending on the electrolyte species or a difference in the defect distribution in the film depth direction. On the other hand, the amount of defects present in the film depth direction can be inferred by the reanodization method, as indicated in the schematic diagram in Fig. 2(b) . That is, it is considered that the crystalline film has a three-layer structure whose layers have different amounts of defects. In region ①, which is in contact with the metal substrate, the voltage rapidly increases in the initial period of reanodization, and thus this is a compact layer with few defects. In region ②, the increase in voltage is the most gentle, and thus this layer has the most defects in the film. In region ③, the voltage increases more slowly than in ① but more rapidly than in ②, and thus the amounts of defects contained in the three layers are thought to be ordered as follows: ① < ③ < ②.
When aluminum specimens subjected to hydration are anodized in a high-temperature electrolyte, the inner layer of hydrated amorphous oxide crystallizes owing to the effect of the high electric field. On the other hand, the outer layer of hydrated amorphous oxide crystallizes owing to the dehydration of the hydrated oxide. Therefore, the voids and cracks formed during the crystallization of the film are concentrated at the boundary between the inner and outer layers.
12) Thus, it is considered that region ② in the center of the film is where defects such as voids and cracks are concentrated owing to film crystallization.
According to the results shown in Fig. 2(a) , the slowest increase in voltage was observed for the film formed using adipate for the first anodization. Therefore, region ② of this film is considered to have the largest amount of defects. That is, it is suggested that crystallization is greatly promoted in films formed in adipate. It can be inferred, on the other hand, that the films formed in phosphate and borate have a comparatively small amount of defects. 
Withstand voltage and capacitance of crystalline
films formed by two-step anodization Figures 3(a)3(c) show the withstand voltage, capacitance and CV of films formed with each electrolyte species used in two-step anodization, respectively. When borate was used in the second anodization, the withstand voltage of the film depended on the type of electrolyte used for the first anodization. Moreover, the use of inorganic salts such as borate and phosphate resulted in a higher withstand voltage than those obtained using organic salts such as adipate. This is consistent with the fact that the amount of defects was small, as revealed by the reanodization method and shown in Fig. 2 . The withstand voltages of the anodic films increased in the following order: adipate < tartrate < salicylate < succinate < citrate < phosphate < borate. The withstand voltage of the films was almost independent of the electrolyte species used in the second anodization. This result indicates that the withstand voltage of anodic films is strongly dependent on the electrolyte species used in the first anodization.
When borate was used for the second anodization, the capacitance of the film increased in the following order of electrolytes used in the first anodization: salicylate < borate < phosphate < succinate < tartrate < citrate < adipate (Fig. 3(b) ). These capacitances were higher than those of the films formed using the other electrolyte species for the second anodization. In particular, the capacitance was highest (approx. 320 µF m
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) when adipate and borate were used in the first and second anodizations, respectively. The withstand voltage was almost independent of the electrolyte species used in the second anodization. Thus, if the film thickness (d) is assumed to be constant, an increase in capacitance (C) due to the use of borate for the second anodization should lead to an increase in film permittivity (¾) in accordance with
where S is the surface area. The CV values shown in Fig. 3 (c) were higher for films subjected to the second anodization with borate, similarly to the capacitance. The CV of the films formed using borate for the second anodization increased in the following order of electrolytes used for the first anodization: salicylate < succinate < tartrate < phosphate < citrate < adipate < borate. Among these films, the film formed using borate for both the first and second anodizations exhibited the highest CV value (103 mF V m ¹2 ). Figure 4 shows the distributions of phosphorus and boron in the depth direction of the film, measured using GDOES. Figure 4(a) shows that the depth of incorporated phosphorus (P) was about 30% of the film thickness when only a first anodization was conducted in phosphate. Although there was no change in the incorporation depth of P when a second anodization was also conducted using the same electrolyte, there was a significant increase in the amount of P incorporated. When the second anodization was conducted in borate, there was no change in the incorporation depth of P, but there was a significant decrease in the amount incorporated. The incorporation depth of boron (B) in this case was about 20% of the film thickness, as indicated in Fig. 4(b) . In the film formed using borate for both the first and second anodizations, B was incorporated to a depth of about 50% of the thickness (Fig. 4(b) ). On the other hand, in the film formed using organic salts or phosphate for the first anodization and borate for the second anodization, the incorporation depth of B was markedly suppressed to about 20% of the film thickness. Moreover, the amount of B incorporated was estimated by integration of the profile curve. The amount of B was only about one-fifth of that in the film formed in borate for both the first and second anodizations.
Distribution of elements in the film depth direction determined by GDOES
On the basis of these results, the CV value of the film formed using borate instead of the same electrolyte for the second anodization was considered to be higher because it was possible to avoid an increase in the amount of anion incorporation, and the amount of B incorporated was low. Thus, it was found that the amount of electrolyte anions incorporated in the film during the first anodization is significantly suppressed when the second anodization is conducted in a different electrolyte. It is presumed that this contributed to the increase in the CV value of the films formed in the second anodization using borate.
3.5 Evaluation of crystallinity of anodic films using XRD The crystallinity of a film has a major impact on its dielectric properties, and thus XRD was conducted on the crystalline films subjected to two-step anodization. Figure 5 shows the results. The peaks at 2ª = 46 and 67°in the XRD spectra are both attributable to £-Al 2 O 3 . The intensity of the £-Al 2 O 3 peaks from the films formed in the same electrolyte for the first and second anodizations depended on the electrolyte species and was greatest for the film formed in borate. The peak intensity indicates that the film crystallinity increased in the following order: salicylate ; adipate ; succinate < tartrate < phosphate < citrate < borate. In addition, the order of crystallinity of the films almost matched that of the CV values shown in Fig. 3(c) . That is, films with higher crystallinity have higher permittivity, and thus exhibit a higher CV value.
On the other hand, the peak intensities of £-Al 2 O 3 from the films subjected to the second anodization using borate were almost independent of the electrolyte in the first anodization, except for phosphate, which exhibited a lower intensity (Fig. 5(b) ). When these intensities, excluding that for phosphate, are compared with the peak intensities shown in Fig. 5(a) , it is evident that the use of borate for the second anodization improves the film crystallinity to the same level in all cases. In other words, the electrolyte species used for the first anodization has little effect on crystallinity.
It is known that the electrolyte anion species has a major impact on film crystallinity during anodization. When anions incorporated in the film migrate to the metal substrate side, as in the case of phosphate, crystallinity is markedly suppressed compared with the case where the incorporated anions do not migrate, as in the case of borate. 2) In the results of this study, there was considerable variation in the crystallinity of the films depending on the combination of electrolytes used for multistep anodization. Even when organic salts, which suppress crystallization, were used for the first anodization, it is considered that the film crystallinity was improved by using borate for the second anodization, which promotes film crystallization, instead of using an organic salt (Fig. 5(b) ). However, in the case of the film formed using phosphate for the first anodization and borate for the second anodization, there was no change in the intensity of the £-Al 2 O 3 peaks after the second anodization. This result indicates that crystallization was not promoted when this combination of electrolytes was used for multistep anodization. It is not clear why the film crystallinity did not increase even though the CV value increased. However, when borate is used for the second anodization, the amount of P incorporated decreases (Fig. 4(a) ), and thus it is possible that the reduction in the amount of P incorporated contributes to the increase in the CV value.
3.6 Effectiveness of combining electrolytes in suppressing leakage current of crystalline film Figure 6 shows the I-t curves obtained during leakage current measurement for the crystalline films formed by two- step anodization. In the case of the films formed using the same electrolyte for the first and second anodizations, spike noise was observed during the measurement of leakage current for the phosphate and organic salts (except for adipate) as shown in Fig. 6(a) . On the other hand, as shown in Fig. 6(b) , when the films were formed using borate for the second anodization, spike noise was markedly suppressed regardless of the electrolyte used for the first anodization. The cause of the spike noise is unclear, but in the case of the films formed by two-step anodization, two tendencies were observed: (i) more spike noise tended to appear when electrolyte anions migrated to the inside of the film after being incorporated into the film during the second anodization, such as for the phosphate and organic salts, and (ii) spike noise tended to be suppressed when electrolyte anions did not migrate after being incorporated into the film, such as for borate. 13) The relation between the electrolyte type and the leakage current after 15 min for the crystalline films formed by twostep anodization is summarized in Fig. 7 . When borate was used for the second anodization, the film formed using salicylate for the first anodization had the lowest leakage current (5 © 10 ¹6 mA cm
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). Among the films formed using the same electrolyte for the first and second anodizations, the films with high crystallinity tended to have a high CV value but also a high leakage current. In the case of the films formed using borate for the second anodization, although the crystallinity of the films tended to increase regardless of the electrolyte species used for the first anodization, there was no marked increase in the leakage current of the films. However, when the second anodization was conducted in borate, the leakage current increased or was suppressed, depending on the combination of electrolytes, compared with that the case of the film formed using the same electrolyte species for the first and second anodizations. That is, the leakage current increased when the first anodization was conducted in adipate, citrate, or salicylate and the second anodization was performed in borate. On the other hand, spike noise was suppressed for all combinations when the second anodization was performed in borate, as is clear from Fig. 6(b) . Therefore, the second anodization in borate has the effect of suppressing the leakage current, as shown by the reduction in spike noise.
Conclusions
To evaluate the suitability of anodic alumina films as a dielectric oxide films for electrolytic capacitors, we examined the effect of various combinations of electrolytes on the dielectric properties of crystalline anodic alumina films formed through a combination of two-step anodization and heat treatment. The following conclusions were obtained as a result.
(1) The films obtained after the second anodization had a two-layer structure comprising a flaky hydrated oxide and a granular crystalline oxide. In addition, the V-t curve measured by reanodization showed that the anodic films had defects, the amount of which varied in the depth direction and a threelayer structure comprising a compact inner layer on the substrate side, an intermediate layer with the most defects and an outer layer with few defects.
(2) When borate was used for the second anodization, the film capacitance and CV value were higher than those of films formed using the same electrolyte species for the first Leakage current / mAcm and second anodizations. At the same time, the crystallinity of the films was generally improved. (3) The depth and amount of boron incorporated in the films formed using organic salts or phosphate for the first anodization and borate for the second anodization were suppressed compared with the case when borate was used for both steps. During the second anodization, the incorporation of electrolytic anions from the first anodization was also suppressed.
(4) When borate was used for the second anodization, the crystallinity of the films was improved, resulting in a higher CV. In addition, the amount of spike noise was markedly reduced.
